Cities promote strong bicycle "networks" to support and encourage bicycle commuting.
INTRODUCTION
Cities are increasingly promoting cycling as a transportation alternative to driving; arguing that mode shift away from the private auto provides region-wide congestion, environmental, and health benefits. (FHWA 2012a) Between 1999 and 2011, total federal and state funding on bicycling and pedestrian infrastructure exceeded $7 Billion (FHWA 2012b) . The Federal
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Highway Administration just completed the federal non-motorized transportation pilot program, which allocated $25 M to each of four pilot cities to measure the impacts of new infrastructure on mode shift to bicycling and walking. (FHWA 2012a) Many of these projects are explicitly targeted at closing "gaps" in bike routes to form a more cohesive network (Byers 2002 ) This idea of a "network" of bicycle routes connecting the region is an important indicator of the shift in 10 transportation priorities from auto dominance to accommodation of nonmotorized modes. While bicycles are permitted to use most components of the road network, bicycle-specific infrastructure provides safe, comfortable routes that many bicyclists prefer over riding in general mixed traffic. The network formed by bicycle-specific infrastructure in any given city, however, is not as expansive or complete as the underlying road network, so cyclists often have to detour 15 to stay on dedicated facilities or ride with mixed traffic in order to complete their trip.
While numerous studies have looked for relationships between rates bicycling and infrastructure, this concept of "networks" in bicycle infrastructure is nascent. This paper aims to fill this gap in the literature by developing a protocol for evaluating bicycle infrastructure network structure and testing its predictive power on bicycle commuting mode share. Understanding 20 these relationships between bicycle commuting and network features will enable transportation and planning agencies to target investment in infrastructure components for optimum impact on existing riders and the "interested but concerned" population of would-be cyclists.
This paper analyzes bicycle facility networks from 74 mid-to large-sized US cities to identify, quantify, and evaluate the underlying network structure. These network variables are 25 positively and significantly correlated to the journey-to-work mode share for from the [2005] [2006] [2007] [2008] [2009] American Community Survey (ACS). Network variables factor into five scales that describe the network's size, connectivity, directness, cohesiveness/fragmentation, and average fragment size. Regression models are used to test the relationship between these factors and bicycle commuters per 10,000 workers, controlling for city population, land area, household structure,
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auto ownership, and median income, showing that network connectivity is a significant predictor of bicycle commute mode share in the model. This paper is organized as follows: Section 2 discusses literature on the relationships between infrastructure and bicycling mode share.
Section 3 explains the data collection process and methodology. Section 4 describes results from measuring the network, factoring network results, and regression analysis. Finally, section 35 5 outlines implications for practice and opportunities for further study.
LITERATURE REVIEW
Planners and researchers have long sought evidence that infrastructure induces bicycling, and that certain infrastructure features serve the needs of beginner bicyclists better than others. Wilkinson, Clarke, Epperson, and Knoblauch (1994) , in their FHWA manual on roadway design 40 treatments for bicyclists, recommend providing bicycle facilities that both serve existing bicyclists and encourage new riders. They argue that a supply-driven approach of facilities targeted at Group B (basic cyclists) and Group C (children) riders will encourage mode shift to cycling and use of the facilities. Group B/C cyclists make detours to avoid uncomfortable road conditions, so Wilkinson et al recommend a "network of" bike lanes, separated paths, and traffic 45 calmed bike boulevards to connect Group B/C cyclists to their destinations. Multiple studies have found that Group A cyclists value reduced travel time and directness, suggesting that their needs are significantly different from Group B/C cyclists and are sufficiently served with wide shoulders and consistent speed limit enforcement (Wilkinson, Clarke, Epperson, and Knoblauch 1994; Stinson and Bhat 2005) .
Different network elements serve a wide range of bicyclist skill levels. Tilahun, Levinson, and Krizek (2007) quantified the relative value of bicycle specific facilities in terms of how many extra minutes a cyclist would "spend" in order to use each type of facility; cyclists valued bike lanes highest, followed by streets without street parking and separated bicycle paths. Dill (2009) used GPS to study bicyclist route choice and discovered that a disproportionate share of 55 bicycle miles traveled occurred on dedicated facilities, suggesting that even experienced cyclists will trade route efficiency for comfort or safety.
The evidence for bicycle facilities inducing mode shift is weak, but it may facilitate shifts in trip-making patterns. Pucher, Komanoff, and Schimek's 1999 review of bicycling literature failed to find statistically rigorous studies that establish causality between infrastructure 60 development and induced cycling. Large presence of cycling infrastructure correlates with high cycling levels in Europe, but the authors posited that facility development might follow cyclists rather than incite cycling. A longitudinal study of infrastructure development and mode share in the Twin Cities reached almost the same conclusion: Most new facilities were installed in areas that already had much higher than average levels of cycling, though the U of M Transitway, a major connector between St. Paul and the University of Minnesota, made longer cycling commute trips more viable, enabling people to switch to cycling for their work or school commute (Barnes, Thompson, and Krizek 2005) .
Cross-regional studies have found positive relationships between the size of a city's bicycle facility network and its mode share. Nelson and Allen (1997) identified a positive 70 association between miles of cycling paths (class I facilities) in a city and bicycle ridership. Dill and Carr (2003) confirmed these findings across 35 major cities in the US, additionally studying bike lanes (class II facilities) and the density of bicycle infrastructure within a city (miles of bicycle facility per square mile of area). Buehler and Pucher (2011) affirmed these results by studying network size and ridership in 90 of the 100 largest cities in the US.
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The missing link in these studies is the quality of the network formed by the infrastructure: Can a cyclist complete her desired trip using the network without significant detours or discontinuities that would require riding in unsafe or uncomfortable conditions?
Graph theory offers a number of ways to measure the quality of a given network. Rodrigue, Comtois, and Slack (2009) (1) forcing the cyclist into mixed traffic, (2) requiring lengthy detours to avoid mixed traffic, or (3) 85 discouraging cycling altogether. Planning for isolated infrastructure segments without considering how these pieces of infrastructure connect to the broader network undermines the potential utility of this infrastructure.
Several studies have used network structure measures to evaluate conditions for walking and biking at the local home address or individual infrastructure segment level.
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Berrigan, Pickle, and Dill (2010) measured the link-node ratio, gamma index, and alpha index of the local street grid within short buffers around survey respondents' home addresses. These measures factored into two principle variables of network quality that predicted propensity and duration of active transportation. Dill and Voros (2007) tested proximity to trails, bike lanes, freeways, street connectivity, downtown, and slope/terrain within residential buffers. Network These studies have all been significant in advancing the use of network science to 100 evaluate bicycle infrastructure, but there have been no major studies of the effects of regional bicycle infrastructure network structure across cities on levels of bicycling. This study draws on principles established in previous work on the importance and utility of bicycle facilities, structural features of bicycle networks, and the application of graph theory to transportation network to analyze and evaluate bicycle facility networks.
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METHODOLOGY & DATA ASSEMBLY
This study collected spatial data and American Community Survey (ACS) household, demographic, and journey to work data for 74 mid-to large-sized cities in the United States.
Network connectivity variables were constructed from the spatial datasets using a geographic information system (GIS). These network measures and bicycle ridership characteristics were 110 evaluated through a bivariate correlation to identify significant relationships. Factor analysis was used to reduce the network characteristic measures down to five categories. These factors and ACS household structure and demographic data were used in Ordinary Least Squares (OLS) regression models to test the hypothesis that better-connected networks are associated with higher rates of bicycling, measured as bicyclists per 10,000 commuters.
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Commuting Behavior & Demographics
Bicycle mode share was measured using the 2005-2009 5-year ACS estimates. The ACS asks respondents by which mode they traveled to work the most in the past week, so it only measures the bicycle mode share for the journey-to-work trip. Recreational or non-work utilitarian trips were not included in this measure. Due to the sample size of the ACS and the 120 relatively low numbers of bike commuters in each city, the standard error on these measures are very high; nonetheless, the ACS remains the only nationwide survey of travel behavior that can be disaggregated reliably to compare bicycling across cities.
Household structure, auto ownership rates, median household income, population, and land area measures were collected from the same 5-year ACS dataset for each city. Household structure was measured using the percentage of households with children under 18 and percentage of households with seniors over 60. Auto ownership rate was constructed from an aggregate number of vehicles owned in the city and the number of households. Table 1 highlights demographic and commuting behavior among cities in the sample.
The very low rates of bicycle commuting are apparent here: the highest mode share in the study 130 is only 6.35 %. The sample included a diverse range of incomes, household structures, and vehicle ownership rates. 
Spatial Data
Bicycle maps were collected from city, county, and MPO websites that made the data available 135 in either keyhole markup language (KML) or ESRI Shapefile format. The initial sampling frame was the top 50 cities by population but due to limited data availability, the sample was expanded to include cities with populations over 100,00 with a small handful of smaller cities selected for their proximity to major cities included in the study. Networks were included for analysis if it was possible to identify existing Class 1 and Class 2 facilities from all other types (Class 3 and 4 facilities, unpaved trails, and planned or proposed routes). Some cities that had publicly available data were excluded for this reason; for example, North Carolina's DOT publishes the entire state's bicycle network, but it is impossible to distinguish facility types. Some maps came from larger regional networks, such as the San Diego Association of Governments, Association of Bay Area Governments or Mid-Ohio Regional Planning Council. These were disaggregated 145 by city. The final sample included 22 cities among the top 50 and 52 additional cities (48 of which had a population greater than 100,000), for a total of 74 cities included in the study.
Many of the network files had geometry errors arising from how they were created that required cleaning in ArcGIS: dangling ends and small gaps were systematically modified using the "trim"
and "extend" tools, though this did not entirely eliminate the problem. A model routine in GIS 150 was developed to iterate over each city's network, conduct spatial manipulations and measurements, and export network summary measures. Table 2 describes the population, mode share, and gender split for all 74 cities included in the final dataset.
Network Measures
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Graphs are composed of edges (e) (in this study, links of bicycle infrastructure) and vertices (v) (junctions/intersections or endpoints in bicycle infrastructure). Subgraphs (p) can be thought of as disconnected "mini-networks" within the city's larger network. These three components, along with information about the length of edges in the network, form the foundation for several different types of regional network-level connectivity.
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Basic descriptive statistics of each network included the number of links in the network, average link travel length, average link direct length, and total graph travel length (L). A detour measure was calculated using the cumulative difference between each link's travel length and direct length. Vertices were assigned values representing the number of edges intersecting at that point. Singular endpoints represented terminal points in the network. A cycle in a network is a chain of edges with the same starting point and ending point.
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The number of cycles in a network corresponds to a higher level of complexity and 1 are highly unlikely due to excessive redundancies. Unlike the gamma index, this measure is independent from the number of nodes and thus should be less size-dependent.
A simpler if less precise way to conceptualize network connectivity is through the distribution of vertices by vertex degree. A larger share of vertices that are 3-or 4-way intersections suggests a higher level of internal connectivity, affording users greater route choice and lower potential for excessive detours within the network, than a hub-and-spoke structured network.
Directness in this study is evaluated at two levels: the directness of each edge, and the overall network. Higher length ratios indicate less deviation from the shortest path. The minimum length ratio value, a measure at the individual edge level, represents the "worst", or
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least direct, link in the network. Higher values of minimum length ratio obviously set a higher minimum standard of directness for the entire network. However, the minimum length ratio is also negatively correlated with the number of edges in the network, so any potential benefit that might be derived from having more direct links in the network is obscured by importance of having more edges in the network.
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One notable feature of many bicycle infrastructure networks is that they have numerous disconnected subgraphs. Higher levels of fragmentation may make the network less useful for longer or more complex trips, if the fragmentation results "islands" of bicycle infrastructure connected by hostile roads not conducive to bicycling. The largest subgraph and the average subgraph size can be examined both for their overall size and for the percent of the network 210 contained in each. A high percentage of the network contained in the largest subgraph indicates a more cohesive "main" network with small, disjointed fragments. An "average" subgraph size that comprises a relatively high percentage of the overall network indicates a network that is more evenly distributed between several smaller but substantial subgraphs.
These subgraph measures do not take into account the types of environment between topological features, and the sheer distance between subgraphs). These environments will obviously interact with the distribution of the network among subgraphs, making the fragmentation more or less of an obstacle to bicycling. Even without these environmental measures, however, this depiction of network fragmentation may still explain some variance in 220 bicycle mode share or gender split of cyclists if fragmentation. 
RESULTS & DISCUSSION
Correlations
To identify measures associated with bicycle mode share and gender split of bicycle commuters, a Pearson correlation was conducted on variables of interest. Table 4 
Factor Analysis
The network structure variables are highly inter-correlated since they all derive from the same basic set of measurements. Conceptually, each of these measures mapped to an underlying concept: network size, internal connectivity, fragmentation, etc. This study used an exploratory 240 principle component analysis to reduce these 18 measures into five factors. Four extractions had eigenvalues greater than one, but after reviewing the factor loadings and scree plot, a fifth factor was added to better differentiate directness, fragmentation, and fragment size.
The five factors correspond to the network's (1) size and scope, (2) internal connectivity and complexity, (3) directness, (4) fragmentation/ cohesiveness, and (5) fragment distribution,
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shown in Table 5 . A bivariate correlation showed that factor 2, network connectivity and complexity, is positively and significantly correlated with bicyclists per 10,000 commuters. This is not 250 surprising given that many of the components of this factor (beta index, alpha index, gamma index, cycles, and percent of vertices with degree of at least 3) were also positively and significantly correlated with these dependent variables. 
Regression Models
This study used three OLS regression models to test the relationship between network structure 260 and commute mode share, controlling for city size and demographics. The first model tests only the network variables. Control variables for size of city and demographics are then added in subsequent models.
Model Equations
Model 1:
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Model 2:
Model 3: Table 6 presents the results from these three models. Factor 2, connectivity, was significant in all three models. In the full model, after controlling for city size and demographics, directness 270 was also significant in predicting mode share. The Model 3 results show that a 1% increase in connectivity or a 1% increase in directness in the network, all else being equal, is associated with an increase of about 25 bicycle commuters per 10,000 commuters (0.25%).
Model Results
The adjusted R Square is very low in Models 1 and 2, and increased dramatically after the addition of demographic variables. This is largely driven by a strong and significant negative 275 relationship between percent of households with kids or seniors and ridership. 
LIMITATIONS & AREAS FOR FUTURE STUDY
This study opens up many opportunities for continued research on bicycle facility networks. The sample size for this study was limited in two ways: (1) by the number and types of cities that 315 make their spatial data on bicycle infrastructure available publicly, and (2) the limits of ACS journey to work data for smaller cities and non-commute trips. Addressing either of these concerns, either by acquiring more spatial data or developing a better way to measure mode share, would enable a larger sample that could validate or refute some of the relationships identified here.
It is probable that regions with more cyclists and more interest in cycling are more likely to make their bicycle networks easily available online. Some of this selection bias may be alleviated by using regional bicycle networks that include spatial data for all cities in the region whether they have bicycling infrastructure or not, but even these cities may see higher rates of bicycling due to spillover effects from neighboring cities. A broader sample of cities from a more 325 consistent source would mitigate these concerns, but this kind of information is difficult to come by.
The ACS data are limited in that they only measure the percent of people who commute 
